Fertilization of starfish eggs during meiosis results in rapid progression to embryogenesis as soon as meiosis II is completed. Unfertilized eggs complete meiosis and arrest in postmeiotic interphase for an, until now, indeterminate time. If they remain unfertilized, the mature postmeiotic eggs ultimately die. The aim of this study is to characterize the mechanism of death in postmeiotic unfertilized starfish eggs. We report that, in two species of starfish, in the absence of fertilization, postmeiotic interphase arrest persists for 16 -20 h, after which time the cells synchronously and rapidly die. Dying eggs extrude membrane blebs, undergo cytoplasmic contraction and darkening, and fragment into vesicles in a manner reminiscent of apoptotic cells. The DNA of dying eggs is condensed, fragmented, and labeled by the TUNEL assay. Taken together, these data suggest that the default fate of postmeiotic starfish eggs, like their mammalian counterparts, is death by apoptosis. We further report that the onset and execution of apoptosis in this system is dependent on ongoing protein synthesis and is inhibited by a rise in intracellular Ca 2؉ , an essential component of the fertilization signaling pathway. We propose starfish eggs as a useful model to study developmentally regulated apoptosis.
INTRODUCTION
Embryogenesis is the anticipated outcome of fertilization; however, the fate of mature unfertilized eggs has received slight attention. In humans, it is commonly accepted that the day of ovulation is the most fertile day of a woman's cycle, while insemination on the day following ovulation rarely results in a successful pregnancy (World Health Organization, 1983; Wilcox et al., 1995) , suggesting that an ovulated human egg ages rapidly, loosing the ability to give rise to a vital conceptus within 24 h of ovulation. Aging postovulatory mammalian eggs have been shown to have an increase in chromosomal anomalies (EichenlaubRitter et al., 1986; Ford et al., 1996; Mailhes et al., 1998; O'Neill and Kaufman, 1988 ), yet the processes that contribute to the chromosomal defects and other factors effecting developmental potential remain unidentified.
Programmed cell death, or apoptosis, is a critical developmental process by which superfluous or aberrant cells are eliminated (Meier et al., 2000) , and has been identified as an important mechanism in regulating female reproduction in Drosophila, Caenorhabditis elegans, and mammals (De Pol et al., 1998; Gumienny et al., 1999; Matova and Cooley, 2001; . Apoptosis is an active process which, in some cases, requires transcription and translation of new proteins, whereas, in other cell types, a latent death machinery is activated by a signal transduction pathway. Programmed cell death can be divided into three general stages: initiation (signaling), regulation, and execution. While the signals vary from cell type to cell type and may originate either externally or from an internal developmental cue, the central players in the regulation and execution stages are conserved from worms to human. The regulatory and execution mechanisms are well understood, yet many questions remain about how cell-specific apoptosis programs are activated, especially in developmental processes such as gamete formation and function.
The role of apoptosis in the female gamete life cycle has been most extensively studied in mammals, despite the difficulty in obtaining and culturing sufficient quantities of the oocytes and eggs. Three stages of the mammalian egg life cycle are regulated by apoptosis, two occurring in the ovary (preovulatory) and one after ovulation (postovulatory; Tilly, 1996) . Oogenesis is at its peak during early fetal life, after which the number of oocytes precipitously declines. For instance, a human female fetus contains her maximum number of oocytes at 20 weeks of gestation (Baker, 1963) . During pre-and postnatal life, more than 99% of oocytes are eliminated by two preovulatory apoptotic mechanisms-preantral death and follicular atresia-and by the end of sexual maturity (menopause) the ovary is virtually devoid of oocytes (see Coucouvanis et al., 1993; Matova and Cooley, 2001; Perez et al., 1999a; Ratts et al., 1995; Tilly et al., 1991) . Follicular atresia is the process of eliminating the preovulatory oocytes that are selected to mature during the hormonal cycle, but are not selected for ovulation. Studies in mice indicate that follicular atresia is due to apoptosis (Asselin et al., 2000; Tilly et al., 1991) . Finally, in vitro studies have shown that, if a postovulatory mouse egg is not fertilized within 24 h, it will undergo programmed cell death (Fujino et al., 1996; Morita et al., , 2000 Perez et al., 1999b Perez et al., , 2000 Perez and Tilly, 1997) . Although in vitro studies in mammals must be interpreted in light of the fact that mammalian postovulatory eggs naturally age internally and the culture conditions may influence the egg fate (Van Blerkom and Davis, 1998) , postovulatory egg viability is likely to be inversely related to its developmental capacity. Importantly, fertilization of aged postovulatory mouse eggs decreases pregnancy rate, gestation length, litter size, and increases perinatal death, growth-retardation, and development of some complex neuronal functions (Tarin et al., 1999) . Therefore, there is great interest in understanding egg apoptosis in relation to failed conception and birth defects.
A wealth of knowledge about the basic apoptotic machinery has been gleaned from studies with classical model systems such as C. elegans and Drosophila, yet relatively few studies in these organisms address the relationship between apoptosis and female gametes, and those that do focus on oogenesis but do not address the fate of the unfertilized mature egg. Similarly, apoptotic Xenopus egg extracts have been an invaluable tool for identifying and characterizing many key apoptotic molecules in vitro (Kornbluth, 1997; von Ahsen and Newmeyer, 2000) ; however, the females from which these eggs are obtained are hormonally manipulated so that the eggs are presumably primed for preovulatory elimination by a process analogous to follicular atresia, and therefore do not reflect postovulatory egg fate. Thus, we sought to investigate the fate of mature, unfertilized eggs in starfish, where oocyte maturation and egg aging naturally occur externally, maturation is rapid and synchronous, and the copious amount of large, hearty, and transparent cells are amenable to experimental manipulation and microscopy.
Starfish oocytes are stored in the ovary arrested at the G 2 /M border of meiosis I. An unknown environmental signal results in release of the starfish oocyte mitogen, 1-methyladenine (1-MA), by the follicle cells surrounding the oocytes and 1-MA triggers oocyte maturation and spawning. Within 30 min post hormone addition (PHA) at 15-23°C, the oocytes of most starfish species undergo germinal vesicle breakdown (GVBD) and within a few hours, both meiotic cell cycles are complete and if unfertilized, the eggs arrest in postmeiotic interphase. Anytime following GVBD, fertilization can activate the block to polyspermy, reception of the sperm pronuclei and activation of the mitotic cell cycle following meiosis, and, hence, from this point on, the cells are called eggs. The optimum window for fertilization is during meiosis I and fertilization of postmeiotic eggs usually results in polyspermy (Fujimori and Hairai, 1979) . The outcome of fertilized aged starfish eggs or the fate of the unfertilized postmeiotic starfish egg has not been reported.
Here, we report that, while immature starfish oocytes can be maintained viable in culture for several days, postmeiotic eggs from several species of starfish synchronously and rapidly die in less than 24 h PHA. The morphological characteristics of death include breakdown of the maternal pro-nucleus, membrane blebbing, cell shrinking due to cytoplasmic contraction, and a change in cell transparency and color from translucent golden to opaque dark brown. The dying eggs ultimately fragment into vesicles and disperse. The DNA of dying eggs is highly condensed and fragmented, and labels with the TUNEL assay. The features of dying postmeiotic eggs are identical to oocytes dying due to UV radiation. Taken together, these results indicate that the default fate of unfertilized starfish eggs is to die by apoptosis. Newly synthesized proteins are required for both the onset and execution of egg apoptosis and a rise in intracellular Ca 2ϩ , a central component of the fertilization signaling pathway, is capable of averting the eggs from the default death process. This is the first report to our knowledge of apoptosis in a mature egg from an invertebrate, and we suggest starfish eggs as a useful system to study this process.
MATERIALS AND METHODS

Animal Maintenance and Gamete Collection, Culture, and Stimulation
Asterias rubens and Marthasterias glacialis were collected regularly from the European shore of the Bosphorus and from Sivri Island in the Sea of Marmara during their breeding season (MaySeptember). Animals were maintained at 13-19°C in an aerated aquarium containing circulating natural seawater obtained from the Bosphorus. The specific gravity of the Bosphorus water is 1.013 and therefore artificial seawater used for oocyte culture was prepared at the same density. Ca 2ϩ -free sea water (CFSW) contained 305.49 mM NaCl/63 mM KCl/16.04 mM MgCl 2 /17.83 mM MgSO 4 /1.5 mM NaHCO 3 and artificial sea water (ASW) contained 295.8mM NaCl/63 mM KCl/6.48 mM CaCl 2 /16.04 mM MgCl 2 / 17.83 mM MgSO 4 /1.5 mM NaHCO 3 .
Ovaries from ripe females were removed, minced finely with a razor blade, and the oocytes were obtained by incubating minced ovaries in 100 ml ice-cold CFSW. The oocytes were separated from the ovary fragments by filtration through two layers of cheesecloth and settled three times through 100 -400 ml CFSW on ice. Oocytes were washed three to five times with 200 -400 ml ASW or Millipore filtered natural seawater on ice and then resuspended at a density of 1000 -1500 cells/ml in ASW at 18°C. Oocytes were used on the same day of isolation and only batches with Ͻ15% dead cells were used. When possible, repeat experiments were carried out with oocytes from different females. Since most of the experiments were performed towards the end of the A. rubens reproductive season (April-May) and during the peak of the M. glacialis reproductive season (June-September), with the exception of Fig. 2 , all results are from experiments using M. glacialis oocytes are shown.
Oocytes were stimulated by the addition of 1 M 1-MA (Sigma Chemicals) made as a 1-mM stock in water and stored at Ϫ20°C. Sixty minutes after stimulation, the oocytes were scored for GVBD, an indicator of meiosis re-entry, and only those batches with Ͼ85% GVBD were used. Since it has been reported that adding high concentrations of 1-MA to postmeiotic eggs can activate them (Picard and Doree, 1983) , 1-MA was washed out of the cell culture at 60 min PHA by diluting the cells with a greater than 100-fold excess ASW or Millipore filtered natural seawater. Meiotic progression was monitored by observing the extrusion of polar bodies. Cells were incubated overnight with 50 g/ml gentamycin. Unless otherwise noted, all experiments were carried out at 18°C.
UV Irradiation
A 3-to 5-ml suspension of freshly isolated oocytes at 1000 -3000 cells/ml was placed in a petri dish and exposed to 14.38 J/cm 2 UV irradiation. The oocytes were washed with ASW or Millipore filtered natural seawater and incubated overnight at 18°C at a density of 1000 -1500 cells/ml with 50 g/ml gentamycin. This treatment resulted in Ͼ40% cell death after overnight incubation, although the percent death varied with oocyte batch. Since DNA damage is a virtually universal activator of apoptosis (Kulms and Schwarz, 2000) , we attribute UV-irradiated oocyte death to apoptosis.
Apoptosis Assays
Three assays were carried out to ascertain whether unfertilized eggs were dying by apoptosis. Live and fixed cells were visualized by using a Zeiss Axioscope 2 microscope equipped with a fluorescence attachment. All images were obtained with a 16ϫ water immersion lens. Images were captured and processed by using Isis V Software package (Metasystems, Alttussheim, Germany) and Adobe Photoshop 5.5.
Morphology. The timing of cell death following 1-MA stimulation was assayed by morphological appearance of the eggs which strongly resembles the classic signs of apoptotic eggs (Kerr et al., 1972) . Dying cells lost their pronucleus, underwent a color change from translucent golden to dark brown, exhibited membrane blebbing, and eventually fragmented into membrane-bound vesicles (Fig. 1) . The pronucleus of M. glacialis eggs was only observable in some batches of cells while in eggs from other species it is distinct. Therefore, observation of pronuclear breakdown cannot be used as a universal feature of egg death. The following criteria were used to distinguish dead from viable cells using light microscopy on live cells. Eggs without membrane blebs covering Ͼ95% of the cell surface and a contracted, completely dark brown cytoplasm were scored as dead (Fig. 1, cells with asterisk) , whereas cells only exhibiting some features, such as membrane blebs, but not a color change (Fig. 1 , cells without asterisk) were scored as viable.
DNA fragmentation. Cells were fixed in 2% paraformaldehyde for 1-2 h and washed twice with ASW. The last washing step contained 10 g/ml Hoechst 33342 (Sigma) to stain the DNA. Following Hoechst staining, the cells were washed once with ASW and stored in 80% EtOH/ASW at 4°C until processing for fluorescence microscopy or for the TUNEL assay.
TUNEL assay. Fixed cells were processed for detecting fragmented DNA by the terminal deoxynucleotidyl transferase method (TUNEL assay) using a kit purchased from Oncogene Research Products (Boston, MA) according to the manufacturer's instructions, with the exception that twice the recommended amount of enzyme was used (3 l per reaction) and the reaction time was extended from 1.5 to 3 h.
Pharmacological Treatments
To inhibit protein synthesis, a stock concentration of 1 mM emetine (Sigma Chemicals) was added to obtain a final concentration of 100 M. Emetine was added at the following time points: (1) postmeiotic cells, when Ͼ50% of the eggs had emitted the second polar body, between 3 and 4 h PHA; (2) preapoptotic cells, at 16 h PHA, which was the latest time point in all experiments in which Ͻ10% of the eggs exhibited any apoptotic morphology; (3) midapoptotic eggs, designated as the earliest time in which the percent of dead eggs began to increase, and Ͼ50% of the eggs exhibited membrane blebbing (19 -21 PHA); (4) late-apoptotic eggs, in which Ͼ50% of the eggs had undergone apoptosis and 100% of the viable cells exhibit membrane blebbing (23-24 h PHA).
For unknown reasons, We were unable to achieve normal embryonic development in more than 20% of fertilized eggs from any M. glacialis female. Therefore, to mimic the fertilization-induced Ca 2ϩ influx, eggs were treated with ionomycin (Sigma) at a final concentration of 50 g/ml. This treatment resulted in elevation of the vitelline membrane in Ͼ79% of the cells within 10 min of addition, indicating that the eggs had undergone cortical granule exocytosis, a hallmark of the initial stages of egg activation. Ionomycin was added to eggs either during meiosis I or II (60 -120 min PHA), to postmeiotic eggs (3-7 h PHA) and to pre-and midapoptotic eggs (Table 1) .
RESULTS
Full-grown immature starfish oocytes stimulated with the hormone 1-MA rapidly and synchronously re-enter the meiotic cell cycle and, within a few hours posthormone addition (PHA), arrest as interphase eggs. Mature eggs can be fertilized anytime following germinal vesicle break down (GVBD), and if fertilized during the meiotic divisions or within a few hours after completion of meiosis II, they rapidly progress to embryogenesis (Meijer and Guerrier, 1984) . If, however, the mature eggs are not fertilized, we observed that they die during overnight culture, in contrast to unstimulated oocytes, which are routinely maintained viable in culture for more than 48 h after isolation. The aim of this study is to characterize unfertilized postmeiotic starfish egg death.
In order to better understand the death process in starfish eggs, we observed postmeiotic eggs from M. glacialis by light microscopy. Unstimulated oocytes and mature eggs are perfectly spherical, with a uniform cytoplasm and a well-demarcated cell surface (Figs. 1A and 1B). As the eggs die, we observed three striking changes in cell morphology that appear sequentially during the death process . First, the cell shape and architecture changes. The cell surface becomes bumpy and irregular due to the extrusion of membrane blebs (Figs. 1C and 1D) . Second, the dying cells change color and the cytoplasm contracts resulting in shrunken, opaque, dark brown cells (Figs. 1E amd 1F). Viable oocytes and eggs are translucent, light golden in color and the dense yolk platelets give a homogeneous, grainy appearance (Figs. 1A-1C). In contrast, the contracted cytoplasm of dying eggs becomes opaque and dark brown (Figs. 1E-1G, cells marked with an asterisk). The color change and opacity differences are not observable in fixed cells (data not shown). Third, in the final stages of death, the cells fragment into vesicles. The debris indicated by arrowheads in Figs. 1E and 1F, which is absent in cultures containing mostly viable cells, is the result of cell fragmentation as can be observed in these two fragmenting cells.
Oocyte death can be invoked by a variety of agents, including cell lysis induced by injury and programmed cell death induced by DNA damage. We compared the morphology of postmeiotic eggs with oocytes dying due osmotic stress or DNA damage induced by UV irradiation. Exposing oocytes to hypertonic solutions result in rapid (seconds to minutes) cytoplasmic contraction followed by cell lysis, leaving a clear cell ghost (data not shown). In contrast, oocytes exposed to 14.38 J/cm 2 UV irradiation appear unchanged during the first 4 -6 h following exposure, but die during overnight culture, with the maximum percent cell death by 20 -30 h after exposure. Oocytes dying in response to UV irradiation show breakdown of the GV, membrane blebbing, cytoplasmic contraction and darkening, and cell fragmentation. In a sample taken 19 h after irradiation, we observed cells at various stages of cell death (Figs. 1G and 1H) which were very similar to dying postmeiotic eggs. Thus, we conclude that postmeiotic eggs and UV-irradiated oocytes die by a process that is distinct from death due to injury. Moreover, the phases of death in starfish eggs are reminiscent of the classical signs of apoptosis (Kerr et al., 1972) , are distinct from paraptosis, the recently identified nonapoptotic form of programmed cell death (Sperandio et al., 2000) . Significantly, dying postmeiotic starfish eggs resemble apoptotic postovulatory mouse eggs (Fujino et al., 1996; Perez and Tilly, 1997) . The membrane blebbing and color change observable with light microscopy of live samples provide an easy and reproducible assay for distinguishing viable from nonviable cells (Fig. 1 , compare cells with and without asterisk). We used this morphological assay to score cells as dead (blebbing membrane, contracted cytoplasm and opacity, and color change in Ͼ50% of the cytoplasm) or viable in order to further characterize the death process in postmeiotic starfish eggs.
Postmeiotic Cell Death Is Rapid and Synchronous in Eggs from Both M. glacialis and A. rubens
At 16 -18°C, 1-MA-stimulated M. glacialis and A. rubens eggs synchronously proceed through and complete meiosis II by 3-4 h PHA, as evidenced by the extrusion of two polar bodies and formation of the pronucleus, which is visible in A. rubens, but less so in M. glacialis eggs. To determine the time course of postmeiotic egg death, we observed postmeiotic M. glacialis and A. rubens eggs and scored them for percent of cell death as a function of time based on the morphologic criteria described above.
Until 16 h PHA, eggs of both species appeared spherical and golden and were 100% viable ( Figs. 2A and 2C ). Between 16 and 19 h PHA, membrane blebs became apparent on many cells. In an average of seven experiments with M. glacialis, the earliest time point at which the percent dead cells began to increase (T onset ) was 19 h PHA. The time when 50% of the culture was dead (death 50 ) was 22 h PHA and the population reached the maximum death percent (T max ) by 26 h PHA ( Fig. 2A) . While there is variation between batches of oocytes in the precise timing of T onset , death 50 , and T max , the mean death 50 is 165 min and mean T max is 6 h from T onset for M. glacialis eggs at 18°C (Fig. 2B) .
In light of the fact that postmeiotic egg behavior varies from species to species, i.e., some species of starfish (including M. glacialis) undergo postmeiotic DNA replication (Fisher et al., 1998; Picard et al., 1996) while others do not (Sadler and Ruderman, 1998; Tachibana et al., 1997) , we were interested in determining whether postmeiotic egg death was a cross-species phenomenon. Although the DNA replication status in postmeiotic A. rubens eggs is not known, the fact that both species occupy the same habitat in the Sea of Marmara and have separate, but overlapping, reproductive seasons (Ő .Y. and K.C.S., unpublished data), allowed us to investigate whether postmeiotic egg death occurs in different species.
We observed in 4/4 experiments using oocytes from three different females, A. rubens eggs also undergo rapid and synchronous death during the postmeiotic period (Fig. 2C ). The morphology of dying A. rubens eggs is identical to M. glacialis eggs, with the exception that the pronucleus of A. rubens eggs is visible in most batches of cells, and can be observed to breakdown and become dark in advance of cytoplasmic darkening, and it remains darker than the cytoplasm in dead cells (data not shown). A. rubens eggs mature slightly faster than M. glacialis at 18°C, and also have an earlier T onset and death 50 18°C (Fig. 2 shows a death time course at 16°C for A. rubens and at 18°C for M. glacialis). The same process occurs in Astropecten aranciacus eggs (K.C.S, Ő .Y., and A. Picard, unpublished data). These data indicate that, in at least three species of starfish, the default fate of unfertilized postmeiotic eggs is regulated cell death.
One possible explanation for a synchronous and rapid death could be that stimulated cells may secrete some substance causing neighboring cells to die. Oocyte metabolism increases following stimulation (Houk, 1974; Meijer and Guerrier, 1984) and it is conceivable that the increase in metabolic by-products could be toxic to cells in co-culture. We tested this hypothesis by incubating cells at various densities (300 -1000 cells/ml), by washing the cells during culture with fresh ASW and by observing the fate of GV oocytes co-cultured with postmeiotic eggs. Neither a low cell-density culture (Fig. 3A) nor changing the ASW (data not shown) decreased the rate or percent of death in cells cultured at 18°C. In fact, in 2/3 experiments, the eggs cultured at low density had a slightly earlier T onset and death 50 than those at 1000 cells/ml (Fig. 3A) .
In order to determine whether the kinetics of cell death is temperature-dependent, we stimulated eggs at 18 -20°C, allowed them to complete meiosis, and then transferred them to 4, 18, or 22°C and scored the percent dead cells as a function of time. Eggs and oocytes incubated at 22°C have an earlier T onset and died well in advance of those at 18°C, while eggs and oocytes incubated at 4°C remained viable for up to 72 h (Fig. 3A) . We also noted that when the eggs kept at 4°C overnight were returned to 18°C, they died with kinetics similar to those continuously cultured at 18°C (data not shown), suggesting the low temperature arrested, but did not inactivate the death process.
We asked whether dying eggs could induce death in oocytes by co-culturing them for up to 30 h. We found that while 100% of the eggs died, all of the oocytes in co-culture remained viable. Figure 3B is a representative image of an oocyte that was co-cultured with 1-MAstimulated cells for 28 h. During the co-culture, the oocyte remained viable while the stimulated cells underwent death and cytolysis (asterisk indicates a highly fragmented egg). Moreover, in many experiments, a small percentage of the oocytes did not respond to 1-MA and therefore did not mature. In each of these experiments, the mature eggs died while the unresponsive oocytes did not. Thus, cell death is unlikely to be attributable to the culture conditions and is specific for postmeiotic eggs.
Based on the observations that postmeiotic egg death is rapid, synchronous, temperature-dependent, and independent of culture conditions, we conclude that it is a regulated process.
Postmeiotic Eggs Die by Apoptosis
It has been reported that in vitro aged postovulatory mouse eggs die by apoptosis, a process that presumably reflects the fate of unfertilized eggs in vivo (Fujino et al., 1996; Perez et al., 1999b; Perez and Tilly, 1997; Tarin et al., 1998) . We assessed whether the cell death we observed in unfertilized starfish eggs is also due to apoptosis by using two definitive apoptosis assays: DNA fragmentation and the TUNEL assay.
The nucleus and DNA in apoptotic cells is condensed and the DNA fragments into nucleosomal units with a distinctive morphology (Kerr et al., 1972; Robertson et al., 2000) . In order to examine the DNA in healthy and dying starfish oocytes and eggs, we obtained fixed samples of control and UV-irradiated oocytes, cells in meiotic M-phase and postmeiotic eggs, stained the DNA with Hoechst 33342, and examined them with fluorescent microscopy. As a positive control, we also UV-irradiated a mammalian cell strain (rat Mü ller cells) and observed all the classic hallmarks of apoptosis, including condensed, fragmented DNA identical to the DNA of irradiated oocytes and dying eggs (data not shown).
Unstimulated oocytes arrested in prophase of meiosis I have partially condensed chromosomes, observable as thin and irregularly shaped spots dispersed throughout the GV (Fig. 4A) . As the cells proceed through meiosis, the chromosomes condense and undergo two rounds of division ( Fig.  4B illustrates an egg in anaphase of meiosis I). Following meiosis II, starfish eggs arrest in interphase and form a pronucleus containing relaxed DNA (Fig. 4C) .
As the eggs age, the DNA becomes condensed and begins to fragment and, in many experiments, as the eggs aged, the DNA morphology in the population became very heterogeneous. We observed multinuclear cells, parthenogenically activated eggs, and some with large, brightly staining nuclei. After T onset the majority of the eggs contained condensed DNA or the DNA was not visible. In samples collected between T onset and death 50 , we observed cells with condensed and slightly fragmented DNA (Fig. 4D) . The DNA in samples taken between death 50 and T max was highly fragmented (compare Figs. 4D and 4E in samples taken at 19 and 22.5 h PHA, respectively), and cells that had vesiculated cytoplasm also had extensive DNA fragmentation ( Fig. 4E, asterisk; Fig. 4F ) or the DNA was not visible. We observed DNA patterns similar to those shown in Fig. 4 in 6/6 separate experiments with M. glacialis; however, the percent of cells with fragmented DNA at a given time point varied from experiment to experiment, rendering quantification impossible. The DNA dying postmeiotic eggs from A. aranciacus was similar (K.C.S. and A. Picard, unpublished data). The DNA morphology of UV-irradiated oocytes is indistinguishable from dying postmeiotic eggs. Within 15-25 h of irradiation, the GV of dying eggs disappears and the DNA becomes highly condensed (Fig. 4G) and fragmented (Figs.  4H-4I ), while the viable eggs remain in G 2 arrest with partially condensed chromosomes. The DNA of dying UVirradiated oocytes and unfertilized eggs appears identical to the DNA in UV-irradiated rat Mü ller cells (data not shown) and to the classical description of DNA in apoptotic cells (Kerr et al., 1972) The TUNEL assay, in which a labeled nucleotide is added onto the 3ЈOH termini that are generated during DNA cleavage in apoptosis, is routinely used as a definitive assay for apoptosis. The DNA in viable oocytes is not labeled with the TUNEL assay (Figs. 5A and 5B) while the fragmented DNA in UV-irradiated oocytes labels brightly (Figs. 5C and 5D). Similarly, viable postmeiotic eggs arrested in interphase as evidenced by their DNA configuration (Fig.  5E ) are not labeled (Fig. 5F ), whereas the fragmented DNA in dying eggs labeled with the TUNEL assay (Figs. 5G and 5H), indicating death by apoptosis. Annexin V binds to cells which have phosphatidyl serine transferred to the outer leaflet of the plasma membrane, which is an early step in apoptosis and annexin V binding to cells with an intact plasma membrane is routinely used as an apoptosis assay. We observed that oocytes did not bind annexin V, but that viable, aging postmeiotic eggs bound annexin V (K.C.S. and C. Akç ali, unpublished data), further supporting the hypothesis that postmeiotic eggs are apoptotic.
The cellular morphology, DNA fragmentation, TUNEL labeling of DNA specifically in dying cells, and the rapid kinetics of the death process in postmeiotic eggs support the hypothesis that postmeiotic, unfertilized starfish eggs, like their mammalian counterparts, die by apoptosis.
Apoptosis of Postmeiotic Eggs Requires Newly Synthesized Proteins
To gain insight into the mechanism of postmeiotic egg apoptosis, we asked whether this process is dependent on new protein synthesis by adding the protein synthesis inhibitor, emetine, to egg cultures at various times after meiosis II completion and scoring them for the appearance of apoptotic cells as a function of time.
We first asked whether new protein synthesis during the entire postmeiotic period was required for apoptosis by adding emetine to egg cultures with at least Ͼ50% second polar body emission (3-4 h PHA, which does not interfere with meiosis completion) and scoring cell death as a function of time. In 12/12 experiments, we found that while nonemetine-treated eggs rapidly and synchronously underwent apoptosis (death 50 ϭ 23 h PHA), 98% eggs which were treated with emetine at 3-4 h PHA remained viable during this time period (Fig. 6A , and Table 1 ), indicating that blocking protein synthesis in the early postmeiotic period results in complete inhibition of apoptosis. Interestingly, none of the morphological features of apoptosis was observed in the emetine-treated cells, indicating that new protein synthesis is required for all morphological changes accompanying apoptosis. We determined the time interval during the postmeiotic period in which the proteins required for apoptosis are synthesized by adding emetine at three time points during apoptosis, indicated as vertical arrows in Fig. 6B . (1) "Preapoptotic" is the latest time point at which, in all experiments, less than 10% of the eggs exhibit any cellular changes associated with the apoptosis; (2) "midapoptotic" is designated as T onset , the earliest time point in which an increase in the percent of dead eggs is recorded; and (3) "late-apoptotic" is anytime between death 50 and T max .
The preapoptotic time point was determined to be 16 h PHA for all experiments. Emetine addition to preapoptotic eggs completely blocked apoptosis onset in 8/8 separate experiments (Table 1 ; Fig. 6B ). Emetine addition to mid-(21 h PHA) and late apoptotic eggs (23 h PHA) halted the increase in the percent of dead cells, while the untreated cells progressed through death 50 and T max at 23 and 25 h, respectively. In a separate experiment, emetine addition at a very late time point, with Ͼ80% apoptosis did not prevent the remaining 20% of cells from completing the death process (data not shown). These data suggest that protein synthesis is required for both the initiation as well as the execution stages of apoptosis of postmeiotic eggs, but that eggs at very late stages have passed a point of no return. Similar results have been obtained from experiments with A. rubens and A. aranciacus (Ő .Y., K.C.S., and A. Picard, unpublished data).
We observed that preapoptotic emetine addition prevented the cytoplasmic changes accompanying cell death and asked whether blocking protein synthesis also prevented DNA condensation and fragmentation. Postmeiotic interphase eggs in the pre-and midapoptotic periods contain relaxed, faintly staining DNA (Fig. 6C, upper panel) . In mid-and late apoptotic times (21-24 h PHA), the DNA in the majority of cells is condensed and fragmenting (see Fig.  4 ). However, eggs treated with emetine at 16 h PHA and fixed at 23 h PHA contained relaxed DNA (Fig. 6C , lower panels), indicating that they remained in interphase arrest. At 23 h PHA, when the sample in Fig. 6C was taken, 64% of the nonemetine-treated cells had undergone apoptosis compared to 2% of the treated cells. These data suggest that proteins produced during the preapoptotic period are re-quired for the onset cell death and that ongoing protein synthesis is required for the execution phases of egg death.
A Rise in Intracellular Calcium during Meiosis Blocks Apoptosis
If unfertilized postmeiotic eggs are programmed to undergo apoptosis, we reasoned that since fertilization results in formation of a viable embryo, it must somehow prevent the intrinsic maternal apoptotic program. A rise in intracellular Ca 2ϩ is a crucial feature of the fertilization signaling pathway, and is both necessary and sufficient for activation of starfish eggs (Jaffe et al., 2001; Stricker, 1999) . Using a Ca 2ϩ ionophore such as ionomycin, it is possible to mimic this signal, resulting in elevation of the fertilization enve- Bottom panels show a cell that was treated with emetine at 16 h PHA and fixed at 23 h PHA, at which point apoptosis was observed in 2% of the emetine-treated and 64% of untreated. Note that fixation causes the cells to appear flatter and the color change associated with death is not observable in fixed samples. lope, egg activation, and development through the bipinea larval stage (Chiba and Hoshi, 1989) . We asked whether a rise in intracellular Ca 2ϩ was sufficient to block apoptosis by treating meiosis I and postmeiotic, pre-, and early apoptotic eggs with ionomycin and scoring them for apoptosis as a function of time.
The optimum period for fertilization of starfish eggs is during meiosis I, between GVBD and extrusion of the first polar body, which for M. glacialis eggs at 18°C, this corresponds to 25-100 min PHA in our hands (F. Hamaratoglu and K.C.S., unpublished data). To ask whether a rise in intracellular Ca 2ϩ during meiosis (the optimum time for fertilization) affects egg programmed cell death, 50 g/ml ionomycin was added during meiosis I (60 -90 min PHA). In 4/4 experiments, ionomycin treatment during meiosis resulted in Ͼ79% fertilization envelope elevation. Many cells underwent abnormal cell division, resulting in a cluster of loosely coherent "cells," some with multiple nuclei, some anuclear. For reasons which are presently unclear but may be due to species specific differences in response to ionophore treatment or the precise timing of ionophore application, none of the ionomycin-treated cells, nor cells fertilized at the same time points, underwent normal embryonic development. Nevertheless, ionomycin addition during meiosis completely inhibited onset of postmeiotic apoptosis (Table 1 and Fig. 7) .
We next asked whether a rise in intracellular Ca 2ϩ in preapoptosis eggs affects apoptosis. Ionomycin treatment at 16 h PHA completely prevented apoptosis ( Fig. 7A ; open triangles). In 3/4 separate experiments, ionomycin addition to early-apoptotic eggs inhibited apoptosis (Table 1) . Ionomycin addition to pre-early and late apoptotic eggs frequently caused many cells to leak their cytoplasmic contents and become transparent, floating cell corpses. We observed this primarily in cells that had already advanced to the late stages of apoptosis. Finally, cells at the terminal stages of cell death which had vesiculated, completely dispersed upon ionomycin addition, rendering them uncountable and accounting for the apparent decrease in the percent of dead cells following ionomycin treatment (Fig.  7A) . Inhibition of apoptosis by ionomycin was confirmed by the TUNEL assay performed on cells treated with ionomycin during meiosis I (90 min PHA) and fixed at 24 h PHA, when 0% of the treated, and 64% of untreated controls, had undergone apoptosis (Fig. 7B) . Based on these data, we conclude that a rise in intracellular Ca 2ϩ concentration, even when it is not capable of activating the full developmental program, is sufficient to block the onset of apoptosis in postmeiotic starfish eggs.
The data from all experiments with emetine and ionomycin from different batches of oocytes and different animals are tabulated in Table 1 . For each experiment, we assessed whether the treatment blocked the onset of apoptosis or prevented a further increase in the percent of dead cells in the population until the time that the control cells reached T max . Emetine addition to postmeiotic and preapoptotic eggs inhibited apoptosis in 100% of the experiments, while addition to early-and midapoptotic eggs blocked apoptosis progression in 80 and 50% of the experiments, respectively. Ionomycin addition during meiosis prevented apoptosis onset in 100% of the experiments and addition to postmeiotic, preand midapoptotic eggs resulted in apoptosis inhibition in 83, 75, and 33% of the experiments, respectively.
DISCUSSION
We have found that the default fate of unfertilized eggs from at least three species of starfish (M. glacialis, A. rubens, and A. aranciacus) is to undergo postmeiotic death by apoptosis. The death process is characterized by breakdown of the pronucleus, membrane blebbing, cytoplasmic contraction and darkening, DNA condensation and fragmentation, and, ultimately, cell fragmentation. The pronucleus can be clearly observed in A. aranciacus eggs, and, in this species, pronuclear breakdown is the first morphological event in the death process. Using a morphological assay, we observed that unfertilized egg death is synchronous and rapid, with the percent of dead cells in the population increasing from 0 to 100% in 6 h. Both initiation and execution of cell death in this system are dependent on ongoing protein synthesis, indicating that several stages of this process are dependent on newly made protein(s) or proteins with a short half-life. Successful fertilization can block apoptosis as evidenced by the formation of a new organism, and we show that a rise in intracellular Ca 2ϩ , a central component of the fertilization signaling pathway, is sufficient to block apoptosis. This is the first report to our knowledge of apoptosis of postmeiotic eggs of an invertebrate, and we present starfish eggs as an attractive system to study both the basic apoptotic machinery as well as egg cell fate.
Starfish Eggs as a Model System to Study Egg Apoptosis
Xenopus egg extracts have proved fruitful for identifying cell-specific signals as well as fundamental regulatory and execution apoptosis machinery (Evans and Kornbluth, 1998; Kluck et al., 1997a,b; Newmeyer et al., 1994; Smith et al., 2000; Thress et al., 1998 Thress et al., , 1999 . Starfish eggs share many of the features that make Xenopus eggs useful for these studies, for a large quantity of homogenous eggs that synchronously undergo apoptosis can be obtained easily from both organisms. However, in contrast to the Xenopus egg in vitro system, starfish eggs are amenable to investigation of egg apoptosis in vivo. Another important difference between these two systems is that apoptotic Xenopus extracts are made from eggs obtained from females that have been hormonally primed to induce egg maturation, and then prevented from laying so that the eggs are presumably programmed to be eliminated by preovulatory atresia. This is physiologically different from postmeiotic starfish eggs that undergo apoptosis as their default fate if not fertilized. Nonetheless, it is possible that the molecules regulating vertebrate egg atresia also play a role in postmeiotic egg death in starfish since many apoptotic regulators are functionally conserved in metazoans.
Studies in C. elegans and Drosophila have addressed the role of cell death during oogenesis (for review, see Matova and Cooley, 2001 ), but none have investigated the relationship between apoptosis and the fate of the mature egg, hence our study is the first to report this phenomenon in an invertebrate. There is comparatively greater knowledge about mammals, where it is clear that apoptosis plays a major role at several stages in the mammalian egg life cycle . Despite the many differences between mammalian and starfish egg life cycles, there are several parallels and thus starfish provides a practical system in which to study this process. First, in both mammals Note. The percent of experiments in which the addition of emetine or ionomycin at the indicated time points blocks apoptosis is recorded, with the total number of experiments for each treatment given in parenthesis. In each experiment, treatment was considered to inhibit apoptosis if it blocked the onset or prevented further increase in the percent of dead cells. Data from 44 experiments were tabulated. N.D. ϭ not done. and starfish, oocyte preparation, maturation, and release occur cyclically and critical phases in this cycle involve apoptosis. In mouse and human, oocytes are stockpiled during prenatal life and in each reproductive cycle in the adult, a few oocytes are chosen to mature and a subset of these are released, while starfish annually renew, mature and spawn their entire oocyte stock, recapitulating the entirety of the mammalian female reproductive cycle each year. Second, in each mammalian cycle, several oocytes are chosen to mature and then only a subset-as few as one egg in humans-is ovulated. Those that are not ovulated undergo preovulatory death by follicular atresia (for review, see . In a comparable situation, we observed that, if ripe M. glacialis and A. rubens females are prevented from spawning by maintaining them at low temperatures, the full-grown oocytes in the ovary are resorbed by a process resembling apoptosis (Ő .Y. and K.C.S., unpublished data). Finally, if the mature egg from either organism is fertilized soon after release, it rapidly develops into an embryo, but if the egg is not fertilized, the default fate of the aged egg is death by apoptosis (this study and Fujino et al., 1996; Morita et al., , 2000 Perez et al., 1999b Perez et al., , 2000 Perez and Tilly, 1997) . Therefore, although the reproductive behaviors of mammals and starfish differ, it is possible that the mechanisms underlying female fertility are similar so that studies of starfish egg apoptosis may lend insight into this process in mammals.
The Role of Newly Synthesized Proteins and Fertilization in Regulating Starfish Egg Apoptosis
Since starfish eggs are amenable to observation of apoptosis in vivo, we relied on a morphological assay that scored cells for entry into the final stages of cell death. This allowed us to ask whether protein synthesis is necessary for either the onset of apoptosis, by adding emetine to preapoptotic eggs, or for the execution stage of apoptosis, by adding emetine to early and late apoptotic eggs. Interestingly, blocking protein synthesis in pre, early-and late-apoptotic eggs prevented onset or advance of the death process, suggesting that some proapoptotic protein(s) may be synthesized during the postmeiotic period, and that this protein(s) may function in the signaling or regulation as well as the execution stages of apoptosis. Alternatively, an inhibitor model may be invoked, where eggs contain an intrinsic death pathway that is blocked by the presence of an anti-apoptotic molecule. A newly synthesized protein(s) during the postmeiotic period could somehow inactivate this inhibitor, revealing the latent death pathway.
Support for the inhibitor model comes from studies with early Xenopus embryos, which contain a maternally encoded latent apoptotic mechanism that is held in check by an inhibitor, also of maternal origin (Anderson et al., 1997; Hensey and Gautier, 1997; Stack and Newport, 1997) . The inhibitor is degraded during the midblastula and earlygastrula transition and is supplanted by a zygotically transcribed inhibitor (Hensey and Gautier, 1997; Stack and Newport, 1997). Smith et al. (2000) have recently shown that the cell cycle regulator, Wee1, is a proapoptotic factor in Xenopus egg extracts and they propose that Wee1 maybe part of the maternal proapoptotic machinery, although a candidate inhibitor has not yet been identified. It will be of interest to determine the pattern of protein synthesis in pre-, early, and late-apoptotic starfish eggs in order to identify candidate regulators and to investigate the possibility that Wee1 has proapoptotic activity in this system.
As fertilization leads to embryogenesis, it must be able to suppress or inactivate the default apoptotic program. A rise in intracellular Ca 2ϩ is a universal feature of the fertilization signaling pathway and is necessary and sufficient for the block to polyspermy and entry into the mitotic cell cycle in most animals (Jaffe et al., 2001) . Here, we identified a third function of the fertilization induced Ca 2ϩ rise: blocking the onset of apoptosis. We found that while addition of the Ca 2ϩ ionophore, ionomycin, to eggs at all time points results in elevation of the fertilization envelope, yet its ability to block apoptosis decreases as the egg ages. Interestingly, meiosis I is the time in which ionomycin addition was most effective at blocking apoptosis and this corresponds to the optimum period for fertilization (Table 1 ; Fujimori and Hairai, 1979) . This raises the possibility that, while Ca 2ϩ can activate the pathway leading to the fertilization envelope elevation at multiple time points, it can only block apoptosis in an egg that is developmentally competent.
We have incorporated our data into the working model presented in Fig. 8 . We hypothesize that 1-MA stimulation of immature oocytes initiates multiple events, including activation of MPF and re-entry into the meiotic cell cycle, development of fertilization competency, and an apoptotic program which is dependent on new protein synthesis. If the egg is successfully fertilized, the rise in intracellular Ca 2ϩ leads to the block to polyspermy, mitotic cell cycle activation, and blocks the intrinsic maternal apoptosis mechanism. It has not yet been established whether there is an interdependent relationship between the different 1-MA triggered events or whether a maternal molecular clock ticks off the postmeiotic time towards death, but it is clear that the Ca 2ϩ -mediated events are activated independently.
What Is the Significance of Postovulatory/ Postmeiotic Egg Death?
In mice, a delay of less than 24 h between ovulation and insemination significantly decreases fertilization rates and increases both parthenogenic activation and fetal abnormalities (Tarin et al., 2000) . Aged postovulatory mouse eggs have an increase in chromosomal anomalies and parthenogenesis and fertilization of these eggs results in developmental defects ranging from complete embryo resorption to gross neural deformities to sensory and motor abnormalities in the resulting offspring (Mailhes et al., 1998; Simpson, 1978; Tarin et al., 1999 Tarin et al., , 2000 . It is therefore apparent that postovulatory processes occurring in the egg have a significant effect on development. It is tempting to speculate that with increasing time postovulation, the ability of fertilization to inhibit the apoptotic process is reduced, resulting in abnormal or aborted development. The fact that unfertilized postovulatory eggs from mouse (Fujino et al., 1996; Perez et al., 1999b; Perez and Tilly, 1997; Tarin et al., 1998) and postmeiotic eggs from three species of starfish undergo regulated cell death suggests that this phenomenon is not limited to a subset of the animal kingdom, and may be a general mechanism for eliminating eggs with decreased reproductive potential (Fujino et al., 1996; Takahashi et al., 2000; Tarin et al., 1999 Tarin et al., , 2000 .
In humans, it is well known that coitus on the day following ovulation rarely, if ever, results in a successful pregnancy. A study that used biochemical assays to precisely document the day of ovulation and accurate recording of the incidence of intercourse in healthy women attempting to become pregnant found that 100% of the pregnancies resulted from insemination that occurred within a 6 day window, ending on the day of ovulation, with the peak fertility on the day of ovulation and the one preceding (Wilcox et al., 1995) . This indicates that human sperm retains reproductive capacity up to six days after ejaculation, while the egg has a comparatively short window in which it may be successfully fertilized. In a similar scenario, the short period between GVBD and the end of meiosis I is the optimum time for fertilizing starfish eggs (Fujimori and Hairai, 1979) . It is tempting to speculate that the optimum window for fertilizing mammalian and starfish eggs is inversely related to activation of the egg's intrinsic apoptotic program, and, in such a case, developmental failure could be attributed to the inability of fertilization to adequately avert the egg from its default death fate.
FIG. 8.
A model for starfish egg fate. 1-MA can trigger several events, including entry into the meiotic cell cycle, development of fertilization competency, and new protein synthesis that is required for apoptosis of unfertilized postmeiotic eggs. Cell death is therefore the default egg fate. Fertilization can divert the egg to the alternative fate of embryogenesis by creating a rise in intracellular Ca 2ϩ . This activates multiple responses, including the block to polyspermy, entry into the mitotic cell cycle, and blocking the maternal apoptosis program. The fertilization responses are not interdependent.
